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INTRODUCTION:
Coping with negative experience is essential for survival. Animals must quickly recognize a harmful situation, produce an adequate response, and learn its context, so that they can predict the reoccurrences of similar experiences. This process requires the lateral habenula (LHb) and the medial ventral tegmental area (mVTA) for evaluating and predicting aversive stimuli. LHb neurons promote encoding of aversive behavior, learn to respond to cues that predict aversive stimuli, and activate negative experienceprocessing mVTA dopaminergic (DA) neurons. Overexcitation of LHb neurons leads to depression-like symptoms, whereas their inactivation has an antidepressant effect.
Coping with negative experience also requires the septohippocampal system to record and recall contextual memories of events. This process necessitates increased firing of pacemaker parvalbumin (PV)-positive neurons in the medial septum and the vertical limbs of the diagonal bands of Broca (MS/VDB) and subsequent theta oscillations in the hip-pocampus. However, how all these brain centers coordinate their activity during adverse events is poorly understood. RATIONALE: Because the LHb does not project directly to the septohippocampal system, the brainstem median raphe region (MRR) has been proposed to coordinate their activity. Although MRR plays an important role in regulating mood, fear, and anxiety, and neuronal projections from it have been extensively studied for decades, it is still unclear how MRR neurons process these negative experiences. Using cell type-specific neuronal tract tracing, monosynaptic rabies tracing, block-face scanning immunoelectron microscopy, and in vivo and in vitro electrophysiological methods, we investigated the neurons of mouse MRR that are responsible for these functions. We used in vivo optogenetics combined with behavioral experiments or electrophysiological recordings to explore the role of MRR neurons responsible for the acquisition of negative experience. RESULTS: We discovered that the MRR harbors a vesicular glutamate transporter 2 (vGluT2)positive cell population that gives rise to the largest ascending output of the MRR. These neurons received extensive inputs from negative sensory experience-related brain centers, whereas their excitatory fibers projected to the LHb, mVTA, and MS/VDB (see figure) . MRR vGluT2 neurons mainly innervated MRR-or mVTA-projecting cells in the medial (limbic) LHb, creating a direct feedback in the MRR-LHb-mVTA axis. MRR vGluT2 neurons were selectively activated by aversive but not rewarding stimuli in vivo. Stimulation of MRR vGluT2 neurons induced strong aversion (see figure) , agitation, and aggression and suppressed rewardseeking behavior, whereas their chronic activation induced depression-related anhedonia. The latter can at least partly be explained by our threedimensional electron microscopy data showing highly effective synaptic targeting of LHb neurons and by our in vitro data showing that MRR vGluT2 terminals can trigger depressive behavior-related bursting activity of LHb neurons. MRR vGluT2 neurons seem to be involved in active responses to negative experience, therefore inducing aggression or avoidance, classical fight-or-flight responses. Suppression of MRR vGluT2 neurons precisely at the moment of the aversive stimulus presentation strongly disrupted the expression of both contextual and cued fear memories and prevented fear generalization. MRR vGluT2 neurons could facilitate the learning of negative experience, because their LHb-projecting axons bifurcated and selectively innervated pacemaker MS/VDB PV-positive neurons that projected to the hippocampus. Consequently, in vivo stimulation of MRR vGluT2 neurons instantly evoked memory acquisition-promoting hippocampal theta oscillations in mice. CONCLUSION: Our results revealed that the MRR harbors a previously unrecognized brainstem center that serves as a key hub for the acquisition of negative experience. MRR vGluT2 neurons could activate the aversion-and negative prediction-related LHb-mVTA axis and could swiftly transform the state of the septohippocampal system for immediate acquisition of episodic memories of the negative experience. Maladaptations in processing negative experience form the basis of several types of mood disorders, which have a huge social and economic impact on individuals and society. Selective targeting of this neural hub may form the Adverse events need to be quickly evaluated and memorized, yet how these processes are coordinated is poorly understood. We discovered a large population of excitatory neurons in mouse median raphe region (MRR) expressing vesicular glutamate transporter 2 (vGluT2) that received inputs from several negative experience-related brain centers, projected to the main aversion centers, and activated the septohippocampal system pivotal for learning of adverse events. These neurons were selectively activated by aversive but not rewarding stimuli. Their stimulation induced place aversion, aggression, depression-related anhedonia, and suppression of reward-seeking behavior and memory acquisitionpromoting hippocampal theta oscillations. By contrast, their suppression impaired both contextual and cued fear memory formation. These results suggest that MRR vGluT2 neurons are crucial for the acquisition of negative experiences and may play a central role in depression-related mood disorders.
T o survive, animals must quickly recognize a harmful situation, produce an adequate response, and learn its context to help predict the occurrence of similar negative experiences in the future (1) (2) (3) (4) (5) (6) . This process requires the lateral habenula (LHb) and medial ventral tegmental area (mVTA) for evaluating and predicting aversive stimuli and also requires the septohippocampal system to record and recall memories of these adverse events. Yet how these brain centers coordinate their activity during adverse events is poorly understood. Because the LHb does not project directly to the septohippocampal system, the brainstem median raphe region (MRR) has been proposed to coordinate their activity (7) (8) (9) (10) (11) (12) (13) (14) . Although the MRR plays an important role in regulating mood, fear, and anxiety, its role in processing negative experience remains elusive (13, 15, 16) . It contains projection neurons expressing serotonin [5-hydroxytryptamine (5-HT)] and/or type 3 vesicular glutamate transporter (vGluT3), yet after decades of studies, it is still unclear how MRR neurons can support these functions (17) (18) (19) . Although projections from the MRR to the LHb, mVTA, and medial septum and the vertical limbs of the diagonal bands of Broca (MS/VDB) must be crucial to understanding negative experiencerelated behavior, the identity of key MRR neurons responsible for these connections remains unknown (20, 21) .
Most MRR projection neurons are vGluT2-positive
In mice, the transmitter phenotypes and targets of almost 25% of MRR neurons are unknown (22) . In this study, injections of the Cre-dependent tracer virus AAV5-eYFP (AAV5, adeno-associated virus serotype 5; eYFP, enhanced yellow fluorescent protein) into the MRR of vGluT2-Cre mice, together with complete stereological measurements, revealed that at least 20% of the MRR neurons are vGluT2-positive ( Fig. 1 , A to C; table S5; and supplementary materials). MRR vGluT2-positive neurons were evenly distributed both in the median and the paramedian part of the MRR. Fluorescent immunohistochemistry demonstrated that this group of cells was distinct from 5-HT-and/or vGluT3positive neurons in the MRR (Fig. 1B) . Terminals of eYFP-expressing MRR neurons of vGluT2-Cre mice were positive for vGluT2 (fig. S1, A and B), but they do not express the plasma membrane serotonin transporter, vesicular GABA transporter (vGAT), or vGluT3 (fig. S1C).
MRR vGluT2 neurons are linked to negative experience-related brain regions
Viral labeling of vGluT2 neurons with Credependent AAV5-eYFP in vGluT2-Cre mice revealed that they strongly innervate the LHb and the mVTA (Fig. 1 , E and F), as well as other neurons locally (fig. S1D). We did not observe similar innervation patterns after injecting surrounding brain areas in vGluT2-Cre mice, nor after injecting AAV5-eYFP into the MRR of tryptophan hydroxylase (TpH)-Cre, vGluT3-Cre, or vGAT-Cre mice [labeling serotonergic, vGluT3-positive, and g-aminobutyric acid-releasing (GABAergic) MRR neurons, respectively] ( fig. S3 , A to I).
Injections of Cre-dependent AAV5-eYFP into the MRR of vGluT2-Cre mice showed that MRR vGluT2 neuronal projections avoided positive reinforcement-related lateral VTA dopaminergic (DA) cells ( Fig. 1G ). Instead, they innervated mVTA DA neurons (Fig. 1 , G and H). Glutamatergic LHb neurons also innervate mVTA DA cells to regulate negative reward predictions and aversive behavior (1) (2) (3) 23) . Indeed, when we simultaneously injected AAV5-mCherry into the LHb and AAV5-eYFP into the MRR of the same vGluT2-Cre mice, we detected that both LHb and MRR vGluT2 neurons targeted the mVTA specifically ( Fig. 1 , G and H).
Aversion-related mVTA DA cells target the medial prefrontal cortex (mPFC) (23, 24) . We injected the retrograde tracer choleratoxin B subunit (CTB) into the mPFC and Cre-dependent AAV5-eYFP into the MRR of vGluT2-Cre mice ( fig. S1E ). vGluT2-positive MRR terminals established synaptic contacts with those mVTA DA neurons that project to the mPFC (fig. S1, F and G), showing that vGluT2-positive MRR neurons target DA cells related to negative reward predictions.
Glutamatergic LHb neurons (primarily in the medial part of the LHb) also innervate the MRR (25) , but the identity of their target cells is unknown. We injected Cre-dependent AAV5-eYFP into the MRR and AAV5-mCherry into the LHb of vGluT2-Cre mice and found that MRR vGluT2 neurons primarily targeted the medial part of the LHb (Fig. 1E ), whereas at least 39% of LHb terminals innervated vGluT2-positive neurons in the MRR ( Fig. 1 , I to L). Serotonergic and vGluT3-positive MRR neurons were also targeted by LHb vGluT2 neurons (for the exact ratios, see fig. S2 , F and G). Using combined anterograde and retrograde tracing, we also found that there is a direct reciprocal connection between the LHbprojecting vGluT2-positive MRR neurons and the MRR-projecting vGluT2-positive LHb neurons ( Fig. 1I ) (for measured ratios, see figs. S1, H to J, and S2, A to E, and supplementary materials). vGluT2-positive MRR neurons also innervate LHb neurons that project to the mVTA (fig. S1, H to J). These results indicate an excitatory positive-feedback loop between the vGluT2 neurons of the MRR and LHb. Both of these neuronal populations project to the aversion-encoding mVTA as well.
To identify upstream brain areas that synaptically target the MRR vGluT2-positive neurons, we used mono-transsynaptic rabies tracing (26) . We used a Cre-dependent helper virus encoding both an avian tumor virus receptor A (TVA) and an optimized rabies glycoprotein, and we used a TVA-receptordependent and glycoprotein-deleted rabies virus in vGluT2-Cre mice (supplementary materials and Fig. 1 , N and O)-the specificity of this virus combination was validated in our previous study (27) . Brain areas that play an essential role in negative experience-related behavior, including the dorsal raphe (DR), lateral hypothalamus (LH), periaqueductal gray, and zona incerta, showed a strong convergence onto vGluT2-positive MRR cells ( Fig. 1 , P to T; for details, see table S6 ). The LHb accounts for most of the monosynaptically labeled input cells ( Fig. 1R ). Areas related to the encoding of aversive memories [such as the mammillary areas, the pontine reticular nucleus, or the nucleus incertus (NI)] also sent strong projections onto vGluT2-positive MRR neurons (table S6) .
MRR vGluT2 neurons establish multiple burst-promoting synapses on LHb neurons
Negative experience-related behavior and subsequent depression-like symptoms are strongly promoted by the excitatory inputs of LHb neurons (28) (29) (30) . Using block-face scanning electron microscopy, we revealed that MRR vGluT2 neurons provide an extensive synaptic coverage on LHb neurons (Fig. 2, A, B , E, and F), and most of the axon terminals of MRR vGluT2 neurons established more than one synapse on the same or different target cells ( Fig. 2D ). N-methyl-D-aspartate (NMDA) receptor-dependent burst-firing in LHb neurons play a key role in the development of depression (28, 30) . We found that MRR vGluT2 neurons established NMDA receptorcontaining excitatory glutamatergic synapses on LHb neurons (Fig. 2C ). In the LHb, astroglia cooperate with excitation to regulate neuronal bursting and depression-like symptoms (28) . These glial processes enwrapped most synapses of MRR vGluT2 terminals in the LHb (Fig. 2 
, B, E, and F).
To test the physiological effect of MRR vGluT2 neurons on the activity of the LHb neurons, we selectively activated MRR vGluT2 fibers in the LHb in vitro using channelrhodopsin 2 (ChR2)-containing Cre-dependent AAV5-ChR2-eYFP in optogenetic experiments ( received MRR vGluT2 terminals ( Fig. 3G ). These EPSCs showed strong short-term depression and were abolished by the simultaneous blockade of a-amino-3-hydroxy-5-methyl-4isoxazolepropionic acid (AMPA)-and NMDAtype glutamate receptors ( Fig. 3 , B to D). After activating ChR2-expressing vGluT2-positive MRR terminals in the LHb, we frequently observed the induction of burst-firing in LHb neurons ( Fig. 3 , E and F), whereas some spontaneous burst-firing was also present in these neurons. Bursting disappeared after the combined blockade of AMPA-and NMDAtype glutamate receptors ( Fig. 3E ).
MRR vGluT2 neurons are selectively activated by aversive stimuli in vivo
We explored the in vivo response of identified MRR vGluT2 neurons to aversive and rewarding stimuli. We used a combination of multichannel recording and optogenetic tagging in the MRR of Cre-dependent, AAV-ChR2-eYFPinjected vGluT2-Cre mice. Awake mice were head-fixed on top of an air-supported spherical treadmill, while multiple single units were simultaneously recorded from the MRR using a multichannel silicone probe. Light pulses that were used to tag vGluT2 neurons were delivered through an optic fiber positioned above the MRR (Fig. 4, A and B ). Tagged neurons reliably responded to brief blue laser light pulses with short latency and small jitter ( 
Optogenetic activation of MRR vGluT2 neurons causes strongly aversive behavior
The rapid, adverse experience-specific in vivo activity of MRR vGluT2 neurons suggests that they specifically process negative experience.
To light-activate MRR vGluT2 neurons selectively in vivo, we injected ChR2-containing Cre-dependent AAV5-ChR2-eYFP into the MRR of vGluT2-Cre mice ("ChR2 mice"). Control mice were injected with a control virus that expressed no ChR2 ("CTRL mice"). Then, we implanted an optic fiber over the MRR (supplementary materials, Fig. 5A, and fig. S5 ). After handling, mice were placed in a chamber containing two different areas with different visual cues (Fig. 5A ). In the habituation session, mice did not show a preference for one Szőnyi We investigated whether the activity of MRR vGluT2 neurons is powerful enough to counteract the strongly positive expectation of a motivated, food-seeking animal. The above-mentioned ChR2 and CTRL mice were food-restricted and trained for 10 days in an operant conditioning task to nose-poke for food rewards ( Fig. 5C and supplementary  materials) . On the last day of their training, both groups of mice reached a plateau in the total number of nose-pokes during the 30-min-long operant conditioning session (Fig. 5C ). Twenty-four hours later, mice received blue laser stimulation that started after each rewarded nose-poke during the entire 30-min-long session. ChR2 mice, but not CTRL mice, poked significantly less for reward pellets during the day of the stimulation experiment compared with the frequency of poking on the last day of their training (Fig. 5, D and E) .
We also tested whether the activation of these cells can induce passive coping. We performed an optogenetic contextual fear conditioning experiment with the same cohort of mice that participated in the operant conditioning task ( fig. S6C ). Mice were allowed 3 days to rest and regain their original weight, and on the 25th day they were placed in a novel environment, where they received 15-s-long laser stimulation 10 times. Twenty-four hours later, mice were tested in the same environment. Neither ChR2 mice nor CTRL mice showed any sign of freezing behavior during light stimulation or 24 hours later in the same environment ( fig. S6C ).
Activation of MRR vGluT2 neurons induces aggression and depressive symptoms
Neuronal activity in the LHb is related to aggressive behavior (31) . Therefore, we investigated whether activation of MRR vGluT2 neurons induces the prediction of negative experience in a social context and whether it promotes an aggressive behavior in mice during these social interactions. We used a DREADD (designer receptors exclusively activated by designer drugs)-containing AAVbased chemogenetic tool that expresses mutant receptors that activates cells upon binding to clozapine-N-oxide (CNO). We injected either Cre-dependent excitatory DREADD virus AAV8-h3MDq-mCherry ("hM3Dq mice") or Credependent AAV8-mCherry virus ("CTRL mice") into the MRR of vGluT2-Cre mice. Then, both hM3Dq and CTRL mice received intraperitoneal injections of CNO ( Fig. 6A and supplementary materials) and performed two behavioral tests. In the social interaction test, mice were placed in a novel environment 30 min after CNO injections, together with an unfamiliar mouse. CTRL mice showed mostly prosocial behavior toward the conspecific (Fig.  6B) . In contrast, hM3Dq mice became highly aggressive ( Fig. 6B and fig. S4 , C to F). Five days later, we carried out a resident-intruder test. Thirty minutes after CNO injections, a subordinate intruder mouse was placed into the home cage of the CTRL or hM3Dq mice. Again, hM3Dq mice became highly aggressive toward the intruder (Fig. 6C and fig. S4 , C to F). In a separate experiment, chemogenetic activation of AAV8-h3MDq-expressing MRR vGluT2 neurons by CNO injections also induced significantly higher motor activities in a Y-maze compared with CTRL mice (fig. S4I ). Aggressive behavior frequently accompanies the depressive state (32) (33) (34) , which is also promoted by chronic overactivation and burstfiring of LHb neurons (28-31, 35). Using the above-mentioned types of CTRL and hM3Dq mice, we tested whether chronic activation of MRR vGluT2 neurons promoted depressionlike symptoms. Mice received intraperitoneal injections of the DREADD-agonist CNO three times a week for 3 weeks (Fig. 6A and supplementary materials). On day 19, mice were tested in a sucrose preference test, which can detect anhedonia, a classic symptom of depression (36) . CTRL mice preferred the 1% sucrose solution over water significantly more than hM3Dq mice did (Fig. 6D) . The postmortem weight of the adrenal glands of hM3Dq mice was significantly higher than that of CTRL mice ( fig. S4J ).
MRR vGluT2 neurons activate memory acquisition-promoting MS/VDB neurons
Fast and effective processing of negative experience requires the immediate induction of memory acquisition, which necessitates a rapid change in the state of the MS/VDBhippocampal system (37) . After AAV5-eYFP labeling of MRR vGluT2 neurons, we observed an abundant axonal labeling in the MS/VDB (Fig. 7, A and B) . MRR vGluT2 neurons established NMDA receptor-containing excitatory synapses selectively with parvalbumin (PV)positive GABAergic cells in the MS/VDB (Fig. 7 , A to E; fig. S1K ; and supplementary text). Using hippocampal injections of the retrograde tracer FluoroGold, in combination with AAV5-mCherry, into the MRR of vGluT2-Cre mice, we found that MRR vGluT2 neurons directly innervate hippocampus-projecting PV neurons in MS/ VDB (Fig. 7, F to H) . These PV neurons are the pacemakers of memory acquisition-promoting hippocampal theta rhythm (38, 39) .
The theta-rhythmic activity of LHb neurons and the hippocampal network are phase-locked, and their concerted activity is necessary for proper memory formation (8, 14) . Therefore, we investigated whether individual axons of MRR vGluT2 neurons bifurcate and target both areas. We performed double retrograde tracing by injecting CTB into the LHb and FluoroGold into the MS/VDB of vGluT2-Cre mice, and we labeled vGluT2-positive MRR cells with AAV5-mCherry ( Fig. 7, I and J) . At least 61% of MRR vGluT2 neurons retrogradely labeled from the MS/VDB were retrogradely labeled from the LHb as well (Fig. 7K) .
We also investigated the effect of activation of MRR vGluT2 neurons on hippocampal network activity in vivo. Using AAV5-ChR2-eYFP, we expressed ChR2 in MRR vGluT2 neurons and implanted an optic fiber over the MRR and a Buzsaki probe into the dorsal CA1 (Fig. 8A ). Ten-second-long stimulation of MRR vGluT2 neurons by a 25-Hz light train triggered some movement (possibly related to the abovementioned active avoidance of the stimuli) and it triggered hippocampal theta oscillations ( Fig. 8, B to D) known to facilitate the formation of memories.
MRR vGluT2 neurons are necessary for fear memory acquisition
MRR vGluT2 neurons are specifically excited by negative experience, which they relay to aversion centers and to the septohippocampal system, likely promoting memory encoding. We injected Cre-dependent Archaerhodopsin T-3 (ArchT 3.0)-containing AAV5-ArchT-GFP (ArchT mice) or control Cre-dependent AAV5-eYFP (CTRL mice) into the MRR of vGluT2-Cre mice and implanted an optic fiber over the MRR (Fig. 8E and fig. S5 ). After handling, mice were tested in a delay cued fear conditioning paradigm. First, we placed mice into a novel environment "A," where they received three Chronic stimulation of MRR vGluT2 neurons in hM3Dq mice led to a significant difference in sucrose preference compared to CTRL mice, suggesting the induction of depression-related anhedonia. Graphs show medians and 25%-75% quartiles.
auditory tones, at the end of which they received foot shocks and light illuminations. Light delivery was precisely aligned to foot shocks (Fig. 8E ). All mice displayed equally strong immediate reactions to foot shocks. In the tests that followed, mice received no light illumination. Twenty-four hours later, mice were placed into the same environment "A" to test their contextual memories. CTRL mice expressed strong contextual freezing behavior, whereas ArchT mice showed almost no freezing behavior (Fig. 8E) . The next day, we placed mice into a different, neutral environment (environment "B"), where ArchT mice showed significantly lower generalized fear compared with CTRL mice (Fig.  8E) . Then, in the same neutral environment, we presented mice with an auditory cue. CTRL mice showed very high levels of freezing. In contrast, light-inhibited ArchT mice showed significantly diminished freezing, indicating impaired fear memory formation (Fig. 8E ). Even after cue presentation was completed, the difference between the fear levels of ArchT and CTRL mice remained significant ( fig. S6D ).
MRR vGluT2 neurons serve as a key hub for the acquisition of negative experience
Animals must recognize adverse events quickly and decide whether to fight or flee, while at the same time efficiently learning the context of that event so that they can predict it in the future. The LHb and mVTA are activated during the acquisition of negative experience (7, 23, 24, 40) , which initiates the encoding of "negative reward prediction errors" and aversion in these nuclei (5, 41) . Activation of mVTA DA neurons is also aversive (23, 42) , whereas the activity of lateral VTA neurons plays a role in positive reinforcement. The LHb contains nearly exclusively glutamatergic neurons, which encode aversive behavior and activate DA neurons of the mVTA (23) (24) (25) 43) . LHb activity also indirectly inhibits encoding of positive reinforcement in the lateral VTA (23, 44) . These processes fine-tune future strategies in similar situations (5, 41, (45) (46) (47) (48) .
The LHb and mVTA convey information related to negative predictions and learn to respond to cues that predict aversive stimuli (3, 42, 49-53). Meanwhile, the MS/VDB-hippocampal system must also be switched into the state optimal for memory acquisition to record the context of such events (8, 14) . These processes are also necessary for the prediction and prevention of negative experience in the future. Yet it was not clear which neuronal pathway orchestrates the coordinated activation of these networks. Although the MRR was known to play a central role in processing negative experience (13, 15) , its known cell types did not project to the LHb, and the transmitter phenotypes and targets of almost 25% of the MRR neurons were not even known (22) .
We discovered that these previously unrecognized vGluT2-positive MRR neurons project heavily into the LHb, mVTA, and MS/VDB ( fig. S7 ). They are the largest population of projection neurons from the MRR, are glutamatergic, and do not express 5-HT, vGluT3, or vGAT. We detected an extensive convergence of monosynaptic inputs to MRR vGluT2 neurons from several environmental experiencerelated brain centers ( fig. S7) (7, 40, 54) . MRR vGluT2 neurons predominantly innervate the medial (limbic) division of the LHb that projects to the MRR and mVTA, but they mostly avoid lateral (pallidal) division of the LHb that receives a different set of inputs (25, 51, 55, 56) . MRR vGluT2 neurons directly innervate MRR-or mVTA-projecting LHb cells, creating a direct feedback in the MRR-LHb-mVTA axis.
Our in vivo physiological measurements confirmed the central and specific role of MRR vGluT2 neurons in the formation of negative experience. MRR vGluT2 neurons were strongly and specifically activated by strong aversive stimuli, mildly activated by weak aversive stimuli, and unaffected by rewarding stimuli. This suggests that these neurons are primarily responsible and necessary for relaying negative experience in the brainstem. Indeed, specific optogenetic inhibition of these neurons precisely during the presentation of adverse stimuli eliminated or significantly decreased hippocampus-dependent contextual or hippocampus-independent cued fear memories, respectively. These data showed that this neural hub is essential for processing negative experience. The elevation of excitatory transmission in the LHb and the stimulation of the mVTA have similar effects (23, 46, 57, 58) . MRR vGluT2 neurons heavily project to the LHb and also selectively innervate mVTA DA neurons (but do not innervate neurons in lateral VTA that are mostly reward-related), suggesting that they can effectively activate negative prediction centers. Indeed, their optogenetic activation triggered immediate behavioral changes by inducing acute place aversion. The adverse event was effectively memorized because it induced conditioned place aversion. Furthermore, the selective activation of MRR vGluT2 neurons could negate an otherwise strongly rewarding behavior in an operant conditioning task. The activation of MRR vGluT2 neurons did not induce passive freezing behavior directly; instead, MRR vGluT2 neurons seem to be involved in active responses to negative experience, and therefore they induce avoidance or flight-orfight behavior.
Depression is thought to be a result of a learning mechanism based on chronically sustained negative experiences (59, 60) . Glutamatergic synapses on LHb neurons show long-term plasticity mechanisms, and LHb neurons can learn to respond to cues preceding aversive events (28, 29, 50, 61) . The chronic elevation of glutamatergic transmission in the LHb causes depressive disorder through the promotion of burst-firing of LHb neurons, which is also regulated by adjacent glial cell coverage (28-30, 50, 62, 63) . MRR vGluT2 neurons massively innervate LHb neurons with different types of NMDA receptorcontaining excitatory contacts that are mostly covered by glial processes on LHb neurons. They can also evoke burst-firing of LHb neurons. We revealed an abundant reciprocal excitatory connection between vGluT2-positive glutamatergic neurons of the LHb and MRR that may result in a reverberation and may support pathological learning and excessive activation of LHb neurons if the loop is not controlled effectively. To mimic a chronically maladapted circuitry, we chemogenetically induced chronic overactivation of vGluT2positive MRR neurons and it caused anhedonia in the sucrose-preference test, which is a typical sign of depressive disorder in mice.
Aggression is another well-known symptom of depression in mice and humans (32) (33) (34) , and both the LHb and MS/VDB play a role in the emotional processing of aggressive behavior (31) . The activation of MRR vGluT2 neurons also promoted aggressive behavior. Aggression is commonly associated with agitation, the most distinguishing features of which include restlessness, pacing, and motor activities. We observed elevated locomotor activity and exploration in chemogenetically stimulated mice, which together suggest that activation of vGluT2-positive MRR neurons promotes agitation and active aversive behaviors (flight-or-fight responses) in neutral or social situations.
MRR has a complex effect on MS/VDBhippocampal activity and the formation of contextual fear memories, although its mechanism is not well understood (9, 11) . In vivo optogenetic activation of MRR promoted memory acquisition-related theta rhythm through a mechanism conveyed by a nonserotonergic and non-GABAergic MRR cell population (13) . Activation of pacemaker PVpositive MS/VDB neurons is essential for the generation of hippocampal theta rhythm and proper episodic memory formation (38, 39, 64) . PV-positive MS/VDB neurons are innervated by glutamatergic cells of the MRR (18, 65, 66) , but the identity of those neurons was unknown. We discovered that MRR vGluT2 neurons not only project to the LHb-mVTA aversion axis, but the axons of most of these MRR vGluT2-positive excitatory neurons bifurcate and simultaneously innervate PVpositive neurons in the MS/VDB and can instantly and reliably promote hippocampal theta rhythm generation necessary for memory acquisition. MRR vGluT2 neurons increased theta rhythm-related exploratory behavior, while animals exhibited conditioned place aversion on the day after stimulation, suggesting the facilitation of strong memory formation. MRR vGluT2 neurons may also facilitate the phase-locking of theta rhythm in the LHb and the hippocampus.
Our data revealed that the MRR vGluT2positive neuronal population is a previously unrecognized neural hub of the brain that is both necessary and sufficient for the acquisition of negative experience, but which is not activated by positive rewarding experience. MRR vGluT2 neurons receive extensive convergence of inputs from sensory experience-related brain areas, their inhibition disrupts aversive memory formation, and their activation promotes agitated and aversive behavior and flight, which quickly negates motivated behavior. If flight is not an option during social interaction, MRR vGluT2 neurons provoke fight and aggression. MRR vGluT2 neurons also facilitate long-term memory formation related to negative experience, and their chronic activation produces a depression-like phenotype, likely through inducing long-term bursting activity in LHb neurons (28, 30) , which we showed in our in vitro experiments. Therefore, vGluT2-positive MRR neurons control the acquisition of negative experience by simultaneously triggering the activity of brain aversion centers and hippocampal episodic memory encoding. Maladaptations in processing negative experience are the basis of several types of mood disorders, which have a huge social and economic impact on individuals and society. Selective targeting of this neural hub may form the basis of new therapies.
Materials and methods summary Ethical considerations and mouse strains
All experiments were performed in accordance with regulations. For details, see the supplementary methods section of the supplementary materials. We used male and female vGluT2-iRES-Cre, vGAT-iRES-Cre, BAC-vGluT3/ iCre, and TpH2/iCre-ERT2 mice and males C57Bl/6 wild-type mice. We used adult (at least 6-week-old) mice.
Viral gene transfer, retrograde and mono-transsynaptic rabies tracing, and optic fiber implantations
Mice were anesthetized and mounted in an animal stereotaxic frame. A microinjector pump was used for injections. For anterograde tracing, optogenetic and chemogenetic experiments, we injected different amounts of viruses into the target brain areas. For retrograde tracing experiments, we injected FluoroGold or choleratoxin B subunit into the target areas. For behavioral experiments, 4 to 6 weeks after virus injections, optic fibers were implanted over the MRR. Positions of the optic fibers are illustrated in fig. S5 . See (26) for a detailed description of the monosynaptic rabies tracing technique used.
Perfusions
Mice were anesthetized and were perfused transcardially with different solutions, depending on the experiments. After perfusions, brains were cut into 30-mm-thick sections using a sliding microtome or into 50-, 60-, or 100-mm-thick sections using a vibratome.
Immunohistochemistry and antibodies
Generally, perfusion-fixed sections were cryoprotected, and after antigen retrieval they were incubated in a blocking medium, and sections were incubated in a mixture of primary antibodies. This was followed by extensive washes and incubation in the mixture of appropriate secondary antibodies. Then, sections were placed on slides and covered with mounting medium. Fluorescent immunohistochemistry for laser-scanning confocal microscopy, immunoperoxidase labeling for localization of virus injections, immunogoldimmunoperoxidase double labeling for electron microscopy, silver-gold intensified and nickel-intensified immunoperoxidase double labeling, and sample preparation for 3D block-face scanning electron microscopy required different procedures, which are described in detail in the supplementary methods.
The list and specifications of the primary and secondary antibodies used can be found in tables S1 and S2. Combinations of the used primary and secondary antibodies in the different experiments are listed in tables S3 and S4.
Block-face scanning electron microscopy and image analysis
We used an FEI Apreo VolumeScope. Images in the z-stacks measured 16,384 pixels × 16,383 pixels with 70 nm thickness, and the final z-stacks contained 300 slices. Voxel size was 4 nm × 4 nm × 70 nm. All image postprocessing was done in FIJI ImageJ. Segmentation was performed manually. Data were analyzed using Tibco Statistica 13.4. After segmentation, the models were exported in .obj format and imported into Blender (Blender Foundation, Amsterdam, the Netherlands) for further investigation and visualization.
Stereology measurements
Unbiased design-based stereological measurements were carried out using the optical fractionator method. Cell counting was carried out in Stereo Investigator 10.0 stereology software, while cells were identified parallel using NIS Elements AR 4.3 software.
In vitro electrophysiological experiments
In all slice experiments, mice were decapitated under deep isoflurane anesthesia. The brain was removed, and coronal slices of 300 mm thickness were cut using a vibratome. Slices were placed into an interface-type holding chamber, and cells were recorded. Drugs were administered from stock solutions via pipettes into the ACSF-containing superfusion system. All data were processed and analyzed off-line using standard built-in functions of Python 2.7.0. Latency was defined as a time between light stimulus onset and time of reaching 10% of maximal EPSC amplitude. Throughout this article, for in vitro electrophysiology data, we used median, first, and third quartiles for the description of data groups because they did not show Gaussian distribution.
In vivo electrophysiological recordings in head-fixed mice Animals were anesthetized and mounted in a stereotaxic frame. After surgery, mice were continuously monitored. After a recovery period of 3 to 7 days, mice were water-restricted and habituated for 10 to 14 days to the spherical treadmill setup with their head fixed. Ani-mal weight was monitored, and when a mouse reached 85% of the initially measured baseline weight, the daily volume of water supplement was individually adjusted in order to maintain this 85% target weight. Habituation is described in the supplementary methods. On the day of the experiment, the animal was headfixed above the air-supported spherical treadmill. Hippocampal and median raphe silicone probes were lowered through the cranial window. Ground electrode was placed above the cerebellum. Electrophysiological recordings were performed by a signal multiplexing headstage. At the end of each recording session, brief laser pulses were applied for offline identification of responsive units. Units (i.e., neurons) were categorized as "tagged" if their firing followed the laser pulse with short latency (within 4 ms) and >50% success rate.
The mean baseline firing rate values and standard deviations were calculated from a 4-s time window preceding stimulus onset. A change in firing rate was declared significant if it deviated more than 2 standard deviations from the mean baseline value (z-score larger than 2 or smaller than −2) in a 200-ms time window after stimulus onset. Both responsive neurons (which increased their firing frequency) and nonresponsive neurons distributed across animals. All statistical analyses were performed with standard Igor Pro 8 functions.
Optogenetic behavioral experiments
After optic fiber implantations, mice were transferred to the animal room of the behavioral unit of the institute to rest and then received 5 days of handling. We carried out real-time place-aversion tests (RTPA), conditioned place-aversion tests (CPA), operant conditioning tests, optogenetic contextual fear conditioning tests (Opto-CFC), and delayed cued-fear conditioning tests (CuedFC). The experimenters evaluating behavioral experiments were blind to the conditions and treatment of the mice. Experimental data were collected and analyzed using the Noldus EthoVision 13.0 and Tibco Statistica 13.4 software.
Behavioral test battery for chemogenetic experiments
We carried out a series of behavioral tests with mice that were injected either with the hM3Dq-containing virus [that expressed a clozapine-N-oxide (CNO)-sensitive, excitatory G protein-coupled receptor plus a fluorescent protein] or with a control virus (that expressed only a fluorescent protein). Mice were allowed 48 to 72 hours of rest between tests. To activate the hM3Dq virus, CNO (1 mg/kg in 10 ml saline, Tocris) was injected intraperitoneally
